Abstract. 2014 A theory is proposed to include the effects of valence excitations in electron image simulations for high-resolution electron microscopy (HREM) based on the single inelastic scattering model. Under the small thickness approximation, this general theory reduces to the simplified theory of perfectly delocalized inelastic scattering model, in which the image can be considered to be an incoherent sum of those incident electrons of different energies weighted by the intensity distribution in the electron energy-loss spectrum from the area where the pattern was taken. The main effect of valence-loss is to introduce a focus shift due to chromatic aberration, resulting in contrast variation (or reversal) of the image. The generalization of this theory for simulations of interface images with considering surface and interface plasmon excitations is given. Calculations for GaAs surface profile images are demonstrated to show the effect of inelastic localization.
Electron inelastic scattering is usually classified into three different processes. Plasmon (or valence) excitation, which characterizes the transitions of electrons from the valence band to the conduction band, involves an energy-loss in the range of 5-30 eV and an angular spreading of less than 0.2 mrad for high energy electrons. This scattering process is the main inelastic even in highresolution electron microscopy (HREM) imaging, because the inelastic mean-free-path (MFP) for valence excitation is quite short compared to those for the following two processes. Atomic core-shell excitations introduce an energy-loss in the range of a few hundreds to thousands eV with an angular spreading of [1] [2] [3] . Theoretical calculations by these authors are based on a model in which the valence excitation is considered occurring at the entrance face of the crystal slab, the final image being an incoherent superposition of aU the electrons with different incident energies. This model was introduced by assuming that the valence excitation is a perfectly delocalized inelastic scattering process, so that whether the inelastic events occur inside or outside the crystal, the image calculations are not affected. This model, in principle, is valid for very thin crystals. However, the questions remain as to how thin the crystal should be to ensure the validity of the model, and what the wave mechanics basis is of this simplified picture. In addition, the excitations of surface and interface plasmons have not been included in these calculations. In order to address these questions, one needs to start from the inelastic scattering theory of high-energy electrons.
The multislice approach is widely applied for calculating images formed with elastically scattered electrons [4] . The application of this multislice method for solving the coupled Schrodinger equations [5] gave birth to a generalized multislice theory of elastic and inelastic electron scattering. The generalized multislice theory considers the electrons in different excited states as a group of waves, the propagation of which is governed by a matrix formula [6] . In [7] . The phase correlations of the localized inelastic scattering occurring at different atomic sites can be statistically evaluated before any numerical calcultations. The application of this theory for calculating the HREM images formed by phonon scattered electrons has been described in our earlier paper. In this paper, this new theory is applied to treat the delocalized valence excitations. A method is introduced to include the effects of valence excitations in the simulation of electron diffraction pattems and images in HREM. The wave mechanics basis of this method is illustrated and its relationship with the simplified model proposed by other authors [1] [2] [3] Considering the incident electron and the crystal as a whole system, if *0 describes the elastically scattered wave of energy Eo = E, and 'lin describes the inelastically scattered wave of energy En = E -En, with n =1, 2 ..., under the single inelastic scattering approximation, the electron scattering with the presence of the nth excited state is determined by [5] , where V is the crystal potential, and Hno is the transition matrix of the corresponding inelastic scattering process. The solution of equation (la) can be written in the form [8] , where eo (r) satisfies the elastic scattering Schrodinger equation, Equation (2) means that the effects of inelastic scattering can be considered as a positional modulation to the elastically scattered wave. It is important to note that the modulation function 4&#x3E;n (r) depends not only on z but also on (x, y). 03C80n(r) is the full multislice solution of equation (3) with considering the boundary conditions. By neglecting the BJ24&#x3E;n term under the small-angle approximation, for kx,y « k,, so that the ô4&#x3E;n(r)/âx and ô4&#x3E;n(r)/ôy terms can be neglected, and using equation (3) [4, 10] . In the right-hand side of equation (7) T is the température of the system and V is the volume of the crystal. Putting équation (17) into (14), Assuming that the distribution of incident electrons inside the crystal is not significantly affected by a small energy-loss, so that Y(gb -Tb, w ) can be approximately included in the integration of wl (In numerical calculations, we found this is actually an excellent approximation), and considering condition 11i",/kBTI » 1 for plasmon excitations, equation (18) Equation (19) is a generalized intensity distribution in the valence-loss electron diffraction pattern. Now consider a case where the dielectric function depends only on the electron energy-loss, for a homogeneous medium Thus équation (19) becomes where the electron double-differential scattering cross-section function is defined [15] as Therefore, the diffraction pattern is composed of the incoherent addition of all the electrons with different energy-losses hw and momentum transfers, weighted by the double-differential scattering cross-section. Equation (22) It is important to point out that equations (21) and (27) For simplification, the dependence of the interaction Hamiltonian H' on z was neglected in the above discussions, so that the final results include only the excitation of volume plasmon. In HREM, the excitation of surface plasmon becomes important for thin specimens. Since surface excitation occurs only when the travelling electrons are very close to the surface within a distance less than about 2 nm, it is a good approximation to consider that the plasmons of the top and bottom surfaces of the specimen (as illustrated in Fig. 1 ) are excited "locally" at the entrance and exit faces, respectively. For a thin slab geometry as shown in figure 1 , the excitation probability of plasmons for a normal incident electron beam [18] is where dPv dz is the excitation robabili of volume lasmon r unit distance and PS is the excitation probability of surface plasmon Based on equation (27) (Fig. 2) . Therefore, the preservation of contrast by inelastically scattered electrons is not true in HREM.
The relative contribution of surface plasmon-loss electrons to the image is determined by the thickness of the foil. Figure 3 shows a comparison of the calculated GaAs valence-loss spectra according to equation (34) for three différent foil thicknesses. The dielectric function of GaAs was obtained from the optical measurements [19] . For d = 5 nm, the spectrum is dominated by surface excitation, the surface plasmon shifting to about 6 eV due to the resonance coupling of the top and bottom surfaces. With the increase in the foil thickness (d = 20 nm), the volume plasmon located at 14 eV is stronger and the surface plasmon located at 10 eV is relatively weak. The shift of the surface plasmon is the result of weak coupling of the two faces. For a relatively thick crystal (d = 50 nm), the volume plasmon dominates the whole spectrum. The excitation probability of the surface plasmon reduces from 0.019 to 0.01 when the foil thickness changes from 5 to 50 nm. The excitation probability of the volume plasmon is 0.14 for d = 50 nm and Eo = 200 keV, giving the MFP A = 357 nm. In the thin slab case, numerical calculations have shown that the surface plasmon excitation is a relatively small factor. Further more, a more complex situation is the inelastic images of an interface of two different materials. This case happens in the surface profile and grain boundary imaging, as schematically shown in figure 4 . Since the two media are characterized by different dielectric functions, 03B51 (left hand side) and 03B52 (right hand side), the excitation of the interface would depend on the distance of the electron from the interface. It is complex to consider the full dielectric resonance excitation of the entire foil. For simplification, one assumes that the excitations of the top and bottom surfaces and the interface are not strongly coupled, so that they can be treated separately. The excitation of the entrance and exit surfaces can be approximately described by equation (34). By neglecting the finite size of the slab, the interface excitation could be treated using Howie's method for an electron moving parallel to a large plane [20] where the images formed by the elastic, volume and surface plasmon-loss, and interface-loss electrons are characterized by the 6, () and dPi dz terms, respectively. It is important to note that the excitations of volume (Pv) and interface (Pi) plasmons depend on the relative position of the electrons with respect to the interface. It is this effect that will introduce some additional contrast in the inelastic images of interfaces, as described below.
Tb simplify the discussion, the surface profile imaging of GaAs (100) can be taken as an example. Figure 5 shows the calculated excitation probabilities of volume and surface plasmons for a 50 nm thick foil. The variations of dPv/dz and dPi/dz are quite slow when the electrons move close to the interface from the GaAs side (x 0). The only sharp change occurs when the electron is about 0.3 nm away from the interface. In the vacuum side (x &#x3E; 0), the interaction of the electron beam with the interface is a long range interaction, resulting in some residual surface plasmon excitation even at x &#x3E; 3 nm. This is probably the nature of non-localized inelastic excitation. In the vacuum side, only surface excitation would occur. Although the variations of dPv/dz and dPi/dz are quite significant near the interface, the total excitation probability dP/dz = dPi/dz+ dPv/dz is almost a constant inside GaAs. Figure 6 shows a comparison of the calculated spectra for electrons travelling at différent distances from the interface. At the interface (x = 0), the surface plasmon at 10 eV is strongly excited. When the electrons move further away into the foil (x = -0.5 nm), the volume plasmon is excited. At x = -2 nm, the whole spectrum is dominated by volume plasmon excitation. Surface plasmon excitation is important in dynamic calculations for reflection electron microscopy [21] , because the incident electrons would be trapped by the surface for a distance about 100 nm before being reflected into the vacuum. This situation also happens for surface profile imaging, in which the electrons travelling near the surface would suffer more surface-losses, as illustrated in figure 5 . This localization effect would affect the image contrast. Figure 7 shows the simulated surface profile images of GaAs (100) Following the theoretical scheme discussed above, the excitation of interfaces in finite semiconductor superlattices can also be included in image simulation by using the corresponding excitation probability function [23] .
Besides the contribution of valence excitation, phonon or thermal diffuse scattering is another important inelastic process in HREM imaging. Localized phonon excitation can scatter the electrons into the angular range outside the objective aperture. This is equivalent to introducing an absorption potential in the calculation of elastic wave. This absorption factor can be calculated either in real [24, 25] or reciprocal [26] space. The phonon scattered electrons falling inside the objective aperture angular range form incoherent atomic resolution image. Calculation of this type of image can also be performed using equation (5), as described elsewhere [9] . 8 . Conclusion.
In conclusion, wave mechanics has been applied to treat inelastic valence excitation in high-energy electron diffraction and imaging. A [1] [2] [3] under the small thickness approximation.
For a specimen thinner than the localization of the valence excitations, the valence-loss can be treated as occurring at the entrance face of the crystal foil; their propagation through the crystal can be considered as the elastic scattering of incident inelastic electrons. The inelastic scattering diffraction pattern is formed by the incoherent sum of the "elastically" scattered electrons with different incident energies, being weighted by the intensity distribution in the electron energy-loss spectrum. A similar method can be applied to consider the inelastic effect in HREM images. In addition, a convolution of the objective lens transfer function for electrons with different energies is required. The [6, [11] [12] .
